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Abstract—A multi-fed radially periodic two-dimensional leaky-
wave antenna is proposed for the generation of a directional beam
continuously scanning in elevation by changing the frequency, and
over a discrete number of directions in azimuth when activating
different elements of the feeding system. The structure is planar
and constituted by a circular grounded dielectric slab loaded
with microstrip rings, properly positioned around the sources to
support the propagation of an angularly directional surface wave
over a sector determined by the corresponding activated feeder.
This produces a perturbation of the surface wave, resulting in
the generation of a directional leaky wave over the aperture,
whose complex propagation constant is described by a single fast
backward spatial harmonic. The antenna radiation features are
numerically investigated in conjunction with the dispersion analy-
sis of the structure, validated through a conventional generalized-
pencil-of-function approach. Full-wave simulations have been
developed to design a practical feeder, which is constituted by
a circular arrangement of commercial coaxial connectors. The
proposed multi-port antenna is validated by means of mea-
surements performed on a microwave manufactured prototype.
The design represents an attractive simple and cost-effective
solution to achieve a high-gain beam scanning over the three-
dimensional space, alternative to more conventional phased-array
design based on cumbersome and lossy feeding networks.
Index Terms—Beam steering, leaky-wave antennas, antenna
arrays, pencil beams, tapered leaky waves.
I. INTRODUCTION AND MOTIVATION
REMOTE sensing applications, wireless power-transfersystems, and localization devices often demand for the
generation of high-gain beams through compact, integrated,
and cost-effective antenna designs. Established techniques for
generating high-gain pencil beams scannable or steerable over
the three-dimensional space are based on the design of arrays
of planar radiating elements with low or moderate directivity.
Most common solutions typically involve patch antennas,
singularly activated or arranged in series to enhance the
directivity of the single element [1]. Phased arrays, however,
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require the use of feeding networks to control the excitation
coefficients at the input ports. Digital beam-scanning technique
are nowadays well established, but they involve lossy and
bulky structures. More importantly, the corresponding feeding
networks can be very complex and expensive [2].
An alternative, well-established, solution to achieve direc-
tional beams scanning with frequency in elevation is based on
one-dimensional (1-D) and two-dimensional (2-D) leaky-wave
antennas (LWAs) [3], [4]. The former enables the radiation
of a high-gain fan beam leveraging on the excitation of an
aperture field having exponential decay along one longitudinal
direction; the latter, depending on the geometrical symmetry
enforced by the feeder, radiates a conical omnidirectional or
conical sector beam supported by the excitation of a cylindrical
leaky wave (LW). Over the last few decades, different solutions
based on LWAs have been proposed to design high-gain
beam scanning over the three-dimensional (3-D) space. This
can be achieved by arranging LW line-source antennas into
linear arrays, therefore including phase shifters in only one
dimension [5]-[8], or by embedding a reduced number of
sources within a Fabry-Perot cavity antenna (FPCA) [9].
LWAs fed with array structures have received considerable
attention over the last decade [10]-[13]. They have been
demonstrated to improve the gain of thinned arrays radiating
at broadside [10], [14], and, more recently, to enhance the
coverage of a multibeam system [15]. A study about the
capability of enhancing the antenna aperture efficiency has
been presented in [16], whereas a LW thinned design for
grating-lobe reduction has been proposed in [17]. A frequency-
scanned monopulse radar using an array of two LWAs has been
proposed in [18]. Metasurface antennas excited by multiple
feeds to achieve multibeam and beam-scanning capabilities
have been proposed in [19], [20]. Finally, some of the present
authors proposed in [21] a 2-D LWA fed by four surface-
wave launchers placed in the antenna center to provide full
polarization reconfigurability.
The possibility of obtaining scannable beams at a fixed
frequency using FPCAs has been explored by electronically
reconfiguring the partially reflecting surface on top, both in 1-
D [22] and 2-D [23]-[25] layouts, also exploiting two phased
patches as feeding system of the structure [26]. A method
to steer the beam of an aperture antenna based on a near-
field phase transformation have been proposed in [27], [28],
whereas a phase-modulated metasurface has been presented in
[29].
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More recently, in [9], some of the present authors inves-
tigated the advantages achievable by exploiting a directional
element radiation pattern obtained embedding an array inside
a planar FPCA. The work demonstrated the possibility of
achieving a high-gain pencil-beam scanning both in azimuth
and elevation by properly phasing the array of the azimuthally
invariant sources and changing the frequency, respectively.
Such an uncommon feature was enabled by the excitation of
a dominant cylindrical TM LW of 0−th azimuthal order [30].
The structure in [9] was bounded on top by a homogenized
partially reflecting surface, representing one of the key aspects
of the approach. Its subwavelength and translational invariant
nature, indeed, permits to freely select the sources position
and spacing within the cavity, as well as to perform the
dispersive analysis by means of the definition of an equiva-
lent transverse network (see [31] and refs. therein). This is
achieved with a structure having thickness in the order of
half a wavelength, which requires the use of spacers or the
design of stacks of multilayer dielectric laminates, preventing
thus the use of conventional PCB approaches for a complete
integrability with other circuitry. Nonetheless, FPCA antennas
fed by azimuthally symmetric sources can suffer the undesired
excitation of a quasi-TEM mode [31], which unavoidably
degrades the radiation efficiency and, if its radiation regime is
not properly suppressed, determines the presence of a spurious
lobe close to endfire [9], [32].
To overcome these limitations and to provide 2-D steering
capabilities with a compact structure based on conventional
single-layer PCB technology, we propose here the design of
a 2-D radially periodic LWA fed by a circular arrangement
of vertical coaxial probes (see Figs. 1(a), (b) and 2), whose
radial distance, size, and position is optimized to excite an
angularly directional surface wave (SW) around the main
direction dictated by the corresponding source of the multi-
port system, which, as opposed to the phased-array in [9],
are activated therefore one at time defining a multi-port
antenna. The presence of a periodic perturbation determined
by the metallic annular grating allows for transforming the
directional SW into a LW, which, if properly designed, still
represents the dominant contribution to the directional aperture
field supported by the structure, and whose radiation can be
described by a single fast backward spatial harmonic. This
results in a high-gain pencil beam radiating off broadside,
scanning with the frequency in elevation and steerable over a
discrete number of azimuth directions (defined by the number
of sources of the multi-port system), in contrast with the high-
gain omnidirectional conical beam achievable by placing the
same source in the geometrical center of the structure [33].
The working principle of the proposed structure, completely
different with respect to the alternative LWA planar design
based on a FPCA [9] because of the lack of translational
symmetry, is described in the following by means of full-
wave dispersive analyses and numerical simulations, whereas
its performance is validated through measurements developed
on a manufactured prototype.
This paper is organized as follows. Sec. II presents the main
theoretical background for the description of the field distri-
bution in conjunction with the relevant dispersive analysis,
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Fig. 1. Perspective (a) and side (b) views of the multi-port planar antenna
made by a radial microstrip ring arrangement on a grounded dielectric slab
(GDS). The u axis represents an arbitrary radial cut of the annular structure.
ρa and ρs represent the radial extension of the antenna and of the circular
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Fig. 2. Zoomed top and bottom views of the multi-fed planar LWA. The
angular position of the sources, φs, is measured with respect to the x axis.
whereas Sec. III reports some numerical studies on the far-
field features of the antenna. Sec. IV reports the results of
the experimental characterization obtained through measure-
ments of a manufactured prototype IV. Final discussions and
conclusions are drawn in Sec. V.
II. APERTURE-FIELD ANALYSIS
As shown in Figs. 1(a), (b), the antenna is fed by a circular
arrangement of coaxial probes (zoomed in Fig. 2), activated
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one at time with the same amplitude and arbitrary phase
to enable the generation of a high-gain pencil beam at an
elevation angle dictated by the frequency, and at an azimuth
angle that corresponds to the angular position of the probes
within the circular feeding system (described by φs in Fig. 2,
right panel). In this case, only a discrete number of pointing
angles can be covered but without requiring the use of complex
feeding networks to phase the sources.
To describe the physical mechanism enabling the generation
of the pencil beam, in the following, we study the SW excited
by a non-centered vertical coaxial probe in the presence of one
and two printed microstrip rings. The radial position of the
source is optimized to strongly excite two internal rings, thus
defining a SW mainly focused around the azimuth direction
controlled by φs.
A. Surface-Wave Excitation
Let us consider a finite circular radiating aperture of radius
ρa orthogonal to the z-axis of the system with its origin (ρ = 0)
at the aperture center (see also Fig. 1). For simplicity, we
consider the same structure designed to support a scanning
conical beam [33] and to launch a Bessel beam [34], con-
stituted by an annular GDS having thickness h = 3.14 mm
having permittivity εr = 2.2, fed by a vertical coaxial probe
protruding through the ground plane. By following the design
of similar planar-periodic LWAs, [33] and [35], the feeder can
be placed at a certain distance from the top strips to control
the radiation features and port matching.
To assess the possibility of radiating a directional pencil
beam off broadside, keeping the azimuth symmetry of both
feeder and GDS, we analyze the aperture field of the structure
constituted by one and two annular rings excited by a vertical
short dipole on the ground plane placed at a radial distance
equal to ρs. Figs. 3(a)-(c) report the transverse component
of the time-harmonic normalized electric field (i.e., |Et| =√
|Ex|2 + |Ey|2), simulated with CST microwave studio at a
frequency f = 18 GHz (selected to be in the propagation
regime for the TM0 supported by the corresponding GDS),
sampled at a distance equal to λ/10 from z = 0 (calculated
at 18 GHz) from the aperture, for three different structures. A
GDS not loaded with any ring in case (a), a GDS loaded with
one metal ring having inner and outer radius r1i,o = 20 and
24 mm, respectively, in case (b), and one with an additional
metal ring in case (c) (the second ring having inner and outer
radius r2i,o = 30 and 34 mm, respectively). In all cases the
source is at ρs = 26 mm (indicated with a white circle), i.e.,
in proximity of the two rings, and the radial extension of the
overall structure is ρa = 140 mm.
In the absence of rings (i.e., Fig. 3(a)), the SW field
produced by the non-centered source is a TM field with respect
to z (the axis being defined at the geometrical center of the
structure), and it shows a maximum at the point of the surface
directly on top at the source location. This corresponds to the
point from which the field spreads as a cylindrical wave in all
directions, before being reflected at the truncation (note that
the SW slowly attenuates as 1/
√
ρ), whose contribution to the
total field generates the strong interference pattern. Basically,
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Fig. 3. Transverse field component (with respect to z) of the full-wave
time-harmonic aperture field (in dB), at 18 GHz, supported by the GDS when
excited by a vertical probe placed at radial distance equal to ρs = 26 mm:
a) GDS not loaded with metal ring; b) GDS loaded on top with one metal
ring sized to be placed in proximity of the sources; c) GDS loaded on top
with two metal rings sized to be placed around the source. The excitation is
reproduced here by considering a short vertical eletric dipole placed on the
ground plane (i.e., at z = −h). The metal rings are indicated with white
solid lines. Structure parameters: GDS thickness h = 3.14 mm, permittivity
εr = 2.2.
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Fig. 4. MoM dispersion behavior for the normalized phase and leakage
constants of the linear MSG. The n = −1 radiating space harmonic is first in
a backward regime (from 16 to about 23 GHz) and then in a forward regime
(from about 23 to 28 GHz and beyond). Structures parameters: strip width
w = 4 mm and period p = 10 mm. Other parameters as in Fig. 3.
the SW field is not perfectly omnidirectional, but has some
φ-dependent TM field distribution.
With the addition of the single metallic ring in Fig. 3(b) a
hybrid field is produced, as a result of the scattering from
the microstrip ring which is strongly excited. It should be
highlighted that, even though for this single-ring case the
field loses its omnidirectional behavior, the desired directional
pattern for the SW is not satisfactorily defined. In contrast,
when the source is positioned at the origin for SW excitation,
as in [33], similar strong microstrip ring excitation is not
observed. In this case, radiation is purely defined by the
dominant TM LW mode achieving conical radiation without
any spurious effects which are related to these microstrip rings
modes [36].
The presence of a second ring (Fig. 3(c)) produces further
considerable scattering, resulting in a concentrated SW field
around the azimuth direction controlled by the source (φs =
90◦ in this case).
The azimuth symmetry of both the feeder and structure
assures the same SW field distribution, which changes with
the value of φs. This in as essential feature to steer the far-field
beam by means of a multi-port excitation when considering
the complete LWA (see Fig. 2).
As it will be discussed in the following, the directional SW
can be perturbed to achieve directional radiation by means
of a LW, whereas more feeders can be placed along the
circle drawn by the source to steer the SW and, therefore, the
corresponding beam. It should be emphasized that the position
of both feeder and ring have been properly tuned, but no
significant performance improvements have been observed by
changing the ring dimension and position around the source.
More involved strategies could be considered to improve the
directional pattern of the SW, but, to steer the beam over
the entire azimuth plane in the far-field, the symmetry of the
annular metal strip grating (MSG) has to be maintained.
B. Dispersion Analysis
Introducing a periodic perturbation to the SW supported by
the structure in Fig. 3(c), a directional pencil beam scanning
with frequency can be, in principle, achieved. This can be
straightforwardly verified by letting radiate (by means of
a conventional FFT operation) a transverse, non-truncated,
aperture field given by the following expression
Eρ(ρ, z = 0) = −j
kz
kρ
A(φ)H
(1)′
0 (kρρ) (1)
where H(1)
′
0 (·) is the first-order derivative of the zeroth order
Bessel function of the first kind with respect to its argument,
kρ and kz = (k20 − kρ)1/2 are the transverse and vertical
wavenumbers associated with the aperture field; k0 is the free-
space wavenumber and A(φ) is an amplitude function describ-
ing the azimuth dependence of the field, which also includes
the complex constant factor E0 related to the excitation.
If the structure is excited in the center with an azimuthally
symmetric feeder, the directional tapering enforced by A(φ)
in (1) vanishes and the apertured field can be described by
a single, zeroth-order, harmonic, as discussed in [33], [34].
The use of non-centered sources, in general, determines the
excitation of higher-order (i.e., with n > 0) harmonics.
Thanks to the lack of translational invariance of the structure,
such higher azimuthal harmonics may combine to produce
directional radiation, as discussed next.
Assuming a directional behavior of A(φ) around φs = 90◦,
a pencil-beam scanning with the frequency in the far field
can be achieved, which is directed along the elevation angle
dictated by conventional LW theory (assuming therefore kρ as
the radial wavenumber of the corresponding cylindrical LW).
Note that, in the following, a local maximum over the aperture
will be also observed at φ = φs + 180◦.
On this basis, to transform the SW in Fig. 3(c) into a
directional LW, while keeping the needed azimuth symmetry,
we consider here an annular metallic strip grating as in [33],
which can be simply achieved by completing the sequence of
annular rings initiated by the original two (as in Fig. 3(c))
positioned to establish a directional SW.
We consider the GDS of Sec. II-A and results are reported in
Fig. 4. By local linearization of the radially periodic structure
in Fig. 1, we can represent the radial field distribution as
a wave propagating along a 1-D periodic MSG [33], thus
described in terms of space harmonics (Floquet waves) [4].
Assuming a direction of propagation along the y-axis of the
linearized structure (see Fig. 1), the n-th space harmonic has
a wavenumber defined by kyn = ky0 + 2πn/p where p is
the radial period and ky0 = β0 − jα is the wavenumber of
the fundamental harmonic [4] (β0 and α being the phase and
attenuation constant, respectively).
Thanks to this local linearization within the unit cell,
one can assume that kρn = kyn, which is the transverse
wavenumber of a cylindrical wave associated with the n-th
space harmonic [30], [33]. This approach has been proved to
be accurate to describe both the far field [33], [36] and the
near field [34].
Authorized licensed use limited to: University of Edinburgh. Downloaded on December 15,2020 at 10:43:56 UTC from IEEE Xplore.  Restrictions apply. 
0018-926X (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAP.2020.3030994, IEEE
Transactions on Antennas and Propagation
IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. XX, NO. YY, NOVEMBER 201Z 5
-12 -9 -6 -3 0  3  6  9  12 
y [cm]
-12
-9 
-6 
-3 
0  
3  
6  
9  
12 
x
 [
c
m
]
-30
-25
-20
-15
-10
-5
0
(a)
-12 -9 -6 -3 0  3  6  9  12 
y [cm]
-12
-9 
-6 
-3 
0  
3  
6  
9  
12 
x
 [
c
m
]
-30
-25
-20
-15
-10
-5
0
(b)
Fig. 5. Aperture field, at 18 GHz, supported by the LWA when excited by
a vertical probe placed at ρs = 26 mm: a) Ey component (in dB) of the
aperture field; b) transverse component (in dB) with respect to z. The source
position is the same as in Fig. 3. There are 14 annular metal rings (ρa = 280
mm), indicated by the white rings. The most internal ring of the structure has
zero inner radius.
The original GDS and the metal strips in [33] are designed
to operate in a frequency range where a fast space harmonic
exists (e.g., the n = −1) with a suitable attenuation in the
backward region, thus defining a proper LW with β−1 < 0.
If excited in the center of the structure, the space harmonic
will propagate as an attenuated outward cylindrical wave with
Eρ proportional to H
(2)′
0 (kρ,−1ρ), where kρ,−1 = β−1− jαρ,
with β−1 < 0 and αρ > 0. Following conventional LW theory
[3], the main beam pointing angle is related to the LW phase
constant β−1, i.e., θLWp ≈ sin−1 (β−1/k0). We will assume,
in the following, that the wavenumber of the LW associated
with the spatial harmonic can still accurately describe the
directional aperture field established on the structure in Fig.
3(c) completed with all rings (as in Fig. 1(a)). This assumption
will be validated by means of full-wave simulations and a
dispersive analysis performed by means of a conventional
generalized-pencil-of-function (GPOF) approach [37].
To retrieve firstly the LW complex propagation wavenumber
kρ,−1 supported by the structure, we considered the dispersive
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Fig. 6. (a) Normalized phase and attenuation constant of the leaky mode at 18
GHz retrieved by means of the GPOF applied to the simulated aperture field
in Fig. 5(a). The solid lines report the expected theoretical value from Fig. 4;
(b) Absolute value of the complex amplitude coefficient of the corresponding
complex exponential retrieved by the GPOF.
analysis in [33], developed by means of an in-house method-
of-moments approach. The corresponding normalized phase
and attenuation constant are reported in Fig. 4. A good (rather
less than unity) normalized leakage constant, in the order of
0.03, is achieved in the backward region around 18 GHz.
C. Leaky-Wave Aperture Field and GPOF Analysis
In this section, we investigate the aperture field of the GDS
loaded with an annular MSG defined by 14 microstrip rings,
fed by an individual non-centered ideal source (similar to Fig.
3(c)). In this study, for comparison, the source is placed at
two different radial distances ρs = 26 mm and ρs = 36 mm.
Figures 5(a), (b) report the y component and the transverse
component (with respect to z) of the normalized aperture field
for ρs = 26 mm. The Ey component, reported in Fig. 5(a),
shows an aperture field well focused around the direction
dictated by the source position (i.e., φs = 90◦ as in Fig. 3).
Therefore, a desired directional behavior of the aperture field
is achieved, whose description by means of the expression in
(1) will be discussed in the following. Fig. 5(b) confirms the
expected directional behavior of the aperture field.
To assess the nature of the aperture field in Fig. 5 we
analyze the y component by means of a GPOF approach
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[37], [38], which essentially allows for numerical retrieving
both amplitude (A(φ) in (1)) and phase (i.e., the complex
propagation constant of the leaky mode) of the complex
exponentials that decompose the field along an arbitrary radius
and, in particular, around the direction φs = 90◦. To this
aim, to match the field dependence expressed by the Hankel
function in (1)), we consider the aperture field starting at
ρGPOF = 4 cm (same performance can be obtained changing
this point, provided that ρGPOF ≥ ρs) and compensate for the
attenuating factor 1/
√
ρ typical of a cylindrical wave. In this
way, the retrieved complex exponential can be compared with
the well-known asymptotic expansion of the Hankel function.
Figure 6(a) reports the phase (left axis) and the attenuation
(right axis) constant estimated at 18 GHz by means of the
GPOF algorithm versus the azimuth angle φ. The theoretical
value of the n = −1 fast spatial harmonic in Fig. 4, i.e.,
kLWρ,−1 = k
LW
y,−1 = (−0.42 − j0.03)k0, has been also reported
for comparison. Only values associated with a fitness function
Rf , defined as follows, greater than 0.9 have been reported
Rf = 1−
∑
ρ |ECSTy − EGPOFy |2∑
ρ |ECSTy − ÊCSTy |2
(2)
where Êy is the mean value of the field over the considered
antenna aperture plane and EGPOFy = A(φ)e
−j(βGPOF−jαGPOF)ρ.
CST refers to the field achieved by numerical computation.
A very good agreement between the theoretical dispersive
analysis and the GPOF estimation is visible in Fig. 6 around
the radial region where the source is located and the aperture
field in Fig. 5 is well defined. Same for the narrower region
located at the opposite direction (i.e., for φ = 270◦).
Figure 6(b) reports the magnitude of the complex amplitude
coefficient estimated by the GPOF. The curve shows a max-
imum value around φs and a local maximum at the opposite
direction, as expected. These results confirm the accuracy of
the proposed LW model to describe the angularly directional
aperture field supported by the structure.
We also analyzed the same structure with radius ρs = 36
mm (results not shown here for brevity). We observed an
improved directional behavior with respect to those in Fig.
5(a), (b) since the source is moved one period away from
the center but two more annular rings were added, defining
a radial aperture having size ρa = 320 mm (contrasted with
ρa = 280 mm for the antenna in Fig. 5). Keeping unchanged
the attenuation constant of the LW (i.e., keeping the same
period and strip width), the presence of more rings reduces
the interference effect mainly generated by the LW reflected at
the truncation. The GPOF algorithm was also applied showing
very good agreement with the theoretical values of the phase
and the attenuation constants. The magnitude of the complex
amplitude coefficient estimated as in Fig. 6(b) showed, again,
a curve having its maximum value around φs and a local
maximum in the opposite direction, confirming the accuracy
of the LW model.
Fig. 7. 3-D directivity of the conical beam pattern radiated by the source
placed in the center, at f = 18 GHz. Thanks to the azimuthal symmetry of
both the source and guiding structure the polarization of the radiated beam is
purely vertical.
III. FAR-FIELD FEATURES
A. Feeding System Design and Positioning
An important feature of LWAs is their low-profile and low-
cost nature as well as the possibility of being excited by a
simple and integrated system. This is in contrast with more
complicated feeding networks needed, e.g., by phased-array
configurations. To feed the directional SW we use here a
vertical 50-Ω coaxial probe. If placed in the center, the probe
couples with the vertical component of the field inside the
GDS to launch an outward TM cylindrical wave, which is
transformed into a LW with a backward n = −1 spatial
harmonic by the MSG. The 3-D directivity of the resulting
radiation pattern at f = 18 GHz is reported in Fig. 7.
As discussed in Sec. II, the field launched by the non-
centered probe strongly excites the nearby rings, thus produc-
ing a directional SW. This has been verified for two different
positions of the probe; the final choice is related to the radial
aperture of the structure, as the directional LW, depending
on the attenuation constant of the LW mode, needs to be
supported by a certain number of periods to propagate away
from the source (at least 12-14 in this case). To achieve
satisfactory directionality, in this case, the probe positions
should be about 25 mm away from the origin (see Fig. 5).
We have modeled in CST Microwave Studio a 50-Ω coaxial
cable connector with an inner and outer diameter equal to
0.3 mm and 1 mm, respectively, that penetrates the ground
plane. To be coherent with the experimental validation reported
next, we consider here ρs = 26 mm. An arrangement of six
probes is considered: to accommodate the internal feed points
along with the Teflon insulator, six holes having diameters
equal to about 1 mm were drilled into the GDS. The external
cladding of each probe were soldered to the ground. The probe
penetration inside the cavity was then tuned by means of
a parametric analysis with CST to optimize the input 50-Ω
matching. The final configuration shows a probe length L = 3
mm.
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a) b)
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Fig. 8. Simulated 3-D directivity of the LWA excited by a multi-port circular
system with one single probe activated (the one placed at φs = 90◦, i.e., along
the y axis). In this case a total of 6 ports were employed (see Fig. 2), driven
only by one port. From (a) to (f), the six panels report six frequency values,
from 16 GHz (a) to 21 GHz (f).
B. Radiation Pattern
We propose a numerical study of the far-field features of
the structure, simulated with CST, exciting the antenna with a
circular feeding system of six sources as in Fig. 2, placed at
the optimum radius ρs = 26 mm, thus strongly exciting the 3rd
and 4th rings of the periodic structure. More sources could be
possibly included depending on the size and the encumbrance
of the probes. The probes can be activated one at time and,
given the azimuth symmetry of the structure, changing the
source (from 1 to 6 in this case, as shown in Fig. 2), the same
rotated beam can be achieved in the far-field. Therefore, for
brevity, only one case will be considered here.
Figure 8 reports the 3-D directivity of the beam for different
values of the frequency (from 16 GHz to 21 GHz, at a step
of 1 GHz), achieved by activating the source 1 in Fig. 2.
As visible, a well-defined directional pencil-beam scanning
with the frequency from a direction close to endfire towards
broadside, as dictated by the backward character of the excited
leaky mode, has been achieved. Maximum values of the
directivity of about 17 dBi can be observed. The beam is
Fig. 9. Simulated directivity of the φ component of the field as in Fig. 8,
over the 3-D space at 18 GHz. For comparison the dB color scale is as in
Fig. 8(c).
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Fig. 10. As in Fig. 9 but over the azimuth cut at θ = θp (given by the curve
in Fig. 12), achieved activating port 1.
vertically polarized (with reference to standard plane-wave
polarization definitions) with a good purity around the main
direction. However, in contrast with the case in Fig. 7, the non-
centered source breaks the azimuthal symmetry producing a
hybrid LW aperture field, which generates a cross-polarized
component in far field. The φ component (reported at 18
GHz in Fig. 9) is well below −30 dB with respect to θ in
a region of about 5◦ around the maximum θLWp (note that the
plane containing the source is a perfect magnetic wall, where
the beam must be vertically polarized), reaching a maximum
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Fig. 11. Radiation efficiency versus frequency for the designed LWA.
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Fig. 12. Comparison between theoretical, simulated, and measured pointing
direction θp of the pencil beam versus the frequency. Two periodic structures
have been considered with 14 and 16 microstrip annular rings (AR).
value equal to about −10 dB at θLWp and φ = −φs ± 5◦). Fig.
10 reports the cross-pol component over the principal plane
for the same frequency values as in Fig. 8 (we remind the
maximum value of the directivity is about 17 dBi).
Values of the sidelobe level visible around φ = φs, are
about −11 dB at 18 GHz (that is a typical value for a
non tapered LWA), and gradually degrade steering the beam
towards broadside. The beam never reaches the broadside
direction since an open stopband is present (see Fig. 4), which
prevents the achievement of sustained leakage around the
frequency where β−1 = 0 [39], [40]. In principle, a high-
gain pencil beam could be also achieved within the improper
frequency region (i.e., for β−1 > 0) where, however, the
structure shows a very small attenuation constant.
The theoretical antenna radiation efficiency within the con-
sidered frequency range, evaluated with the standard formula
based on LW theory ([3], Ch. 7, Eq. 7.28), is also reported in
Fig. 11. As expected, the behavior of the red curve reflects the
trend of the attenuation constant of the leaky mode supported
by the LWA. The radiation efficiency (i.e., accounting for lossy
media) evaluated by means of CST is also reported, showing
a good agreement.
To give an independent validation of the LW model for
the antenna, we propose in Fig. 12 a comparison among the
pointing angle of the high-gain beam predicted by the LW
theory (i.e., θLWp ) and those given by CST. A satisfactory
agreement has been achieved, coherent with those given by
the excitation of an omnidirectional conical beam with a
centered probe [33]. This result confirms that the dominant
contribution to the far field can be successfully described by
a LW aperture field. Further comparisons with measurements
will be commented in the next Section.
IV. EXPERIMENTAL VALIDATION
The structure designed and optimized in the previous sec-
tions was measured in a calibrated anechoic chamber. A
picture of the realized structure is reported in Fig. 13, which
shows both top and bottom sides of the manufactured antenna.
A zoomed-in top view around the sources is also shown. For
proof of concept, and for simplicity, the structure is fed with
only two elements of the circular feeding system. It should be
Fig. 13. Top (a) and bottom (b) views of the manufactured prototype for
the designed LWA. In (b), the two non-centralized ports are visible, while
an additional source is placed in the center to support the radiation of the
omnidiretional conical beam in Fig. 7. (c) Zoomed view of the top panel.
also mentioned that a probe was also included in the center for
the fabricated structure, mainly for diagnostic purposes during
the measurements, probe positioning, and structure mounting.
This centralized probe can be employed, as in [33], for conical
radiation but it was not examined further in this paper. The
50−Ω coaxial connector are those described in Sec. III-A,
whereas the GDS is made on a Taconic TLY5 substrate with
permittivity εr = 2.2 (tangent loss equal to about 9·10−4 at
10 GHz) and thickness h = 3.14 mm.
The y-component of the measured near field radiated by the
structure, at a distance z0 = 7.8 cm, is reported in Fig. 14.
It is achieved by activating one of the non-centered coaxial
probes shown by the bottom panel in Fig. 13. The angularly
directional behavior of the field along the y-axis is clearly
visible, confirming the behavior of the simulated aperture field
reported in Fig. 5.
The simulated and measured reflection coefficients for the
two non-centralized probes are reported in Fig. 15(a). Satis-
factory agreement and good performance with values below
−8 dB within the desired wide frequency range (i.e., from 16
GHz to 21 GHz) can be observed. Figure 15(b) also reports
a comparison between the simulated and measured coupling
coefficients for the two non-centralized probes (as outlined in
Fig. 13), showing good agreement and a maximum value well
below −20 dB. It should be identified that the optimization
process lacks the needed structure variables to fine tune the
impedance matching of the LWA. Due to the non-centralized
source, indeed, a variation of the diameter of the first ring of
the annular MSG (the one with zero inner radius), as in [33],
[34], does not apply here (the pin of the feed does not lie right
below and it does not introduce the desired capacitive effect).
On the other hand, a fine tuning of the radius of the other
annular rings was found to be not effective. More involved
strategies could anyway be applied by acting on the geometry
of the radial MSG around the source [35], whilst keeping the
needed azimuthal symmetry.
Figure 16 reports a comparison between the simulated and
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Fig. 14. Measured near field (Ey in dB) over a plane parallel to the aperture
at z0 = 7.8 cm. Four different frequencies have been reported: a) 17 GHz;
b) 18 GHz; c) 19 GHz; d) 20 GHz.
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Fig. 15. (a) Reflection coefficient for port 1 of the simulated and manufac-
tured structure. (b) Coupling coefficient between port 1 and 2.
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Fig. 16. Comparison between simulated and measured realized gain of the
scanned beam versus frequency.
measured maximum realized gain of the structure. A good
flat behavior and a very good agreement have been obtained
over the entire frequency range. As already shown, Fig. 12
presents a comparison among the pointing directions of the
main beam versus the frequency, considering two different
LWAs as in Figs. 5, where the different probe positions and
aperture sizes are compared. A very good agreement has been
obtained among measurements and simulated values, as well
as among simulations of the two structures and the leaky-wave
models.
Figures 17(a)-(f) finally report a comparison among simu-
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Fig. 17. Comparison among measured and simulated normalized radiation
patterns along the main radial cut (containing one of the coaxial probes in
Fig. 13, i.e., φs = 270◦), achieved activating port 1. From (a) to (f) the
panels report six frequency values from 16 GHz (a) to 21 GHz (f).
lated and measured radiation patterns over a radial cut contain-
ing one of the source presented in Fig. 13 (note that far-field
measurements have been developed for both the ports giving
essentially the same results; the plots report the beam patterns
in the principal y-z plane when port 1 is driven). Six frequency
values have been considered, from 16 GHz to 21 GHz, as in
Fig. 8. The measured results have been reported from −50◦
to 50◦, showing an excellent agreement with simulations both
around the main direction and over the lateral regions. Figures
18(a)-(f) report the corresponding azimuth cuts at θ = θp,
which is given in Fig. 12, showing a very good agreement
among simulated and measured curves. The beam gradually
loses directivity after 20 GHz, i.e., close to broadside, as also
visible in Fig. 8.
V. DISCUSSION AND CONCLUSION
In this work we have discussed and demonstrated the
possibility of generating a directional beam, scanning both
in elevation and azimuth changing the frequency and the
activated source of a circular multi-port system, respectively.
This has been achieved by exciting an angularly tapered leaky-
wave field distribution, associated with a fast backward spatial
harmonic supported by a radially periodic two-dimensional
multi-port leaky-wave antenna. A complete description of the
design process and of the background physical mechanism has
been given, along with numerical results for the dispersion
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Fig. 18. Comparison among measured and simulated normalized radiation
patterns along the azimuth cut at θ = θp (given by the curve in Fig. 12),
achieved activating port 1, as in Fig. 17. From (a) to (f) the panels report six
frequency values from 16 GHz (a) to 21 GHz (f).
analysis of the open planar waveguide. A practical feeding
system has been designed and the radiation features of the
beam have been tested by means of full-wave simulations
performed on a commercial software tool. Far-field measure-
ments have been reported on a prototype manufactured using
standard printed-circuit technology.
The physical mechanism enabling the generation of the
directional pencil beam has been assessed performing a GPOF
analysis of the simulated aperture field. Thanks to the az-
imuthal symmetry, it has been seen that the proposed structure
is able to successfully cover more azimuth directions, as many
as the number of elements defining the multi-port system.
The sources are anyway activated one at time, thus avoiding
the need of lossy and cumbersome networks to phase them.
By activating an additional source placed in the center of
the structure it is also possible to reconfigure the system to
radiate an omnidiretional conical pattern [33] scanning with
the frequency, which could be used, e.g., to transmit a beacon
signal for localization. Depending on the size constraints
dictated by the application, higher values for the realized
gain can be achieved by making larger the radial aperture of
the antenna, which was constrained here by the size of the
commercially available Taconic laminate.
The proposed antenna provides high radiation efficiency
but, due to the exponential tapering of the aperture, has low
aperture efficiency, of the order of 30% at the considered
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working frequencies, which represents a common drawback
for the leaky-wave antenna design. This feature as well as
the level of the side lobes could be optimized by introducing
a proper radial tapering of the attenuation constant of the
leaky mode, which, thanks to the azimuthal symmetry of the
structure and the excitation can still be applied in this case.
We have numerically investigated different structures (e.g.,
as those in [36]), which however would provide a narrower
impedance bandwidth, with less satisfactory directional prop-
erties. It should be mentioned it is also possible to achieve
similar results using a non-centered slot etched in the ground
plane. These designs and the demonstrated prototype may
represent an attractive low-cost solution for the generation
of a directional beam over the 3-D space by means of a
fully integrated and compact structure, which is a feature
of increasing interest for several applications, such as indoor
remote sensing and wireless powers transfer.
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